The Department of Ferrous Metallurgy (IEHK) since long has been investigating in the conversion of carbonaceous matter and smelting together with the reduction of iron bearing raws and materials. Actual research is being carried out in the development and improvement of self reducing carbonaceous iron bearing agglomerates. It was found that the kinetics of known reduction processes are transferable to the new agglomerates with respect to new phenomena such as alteration of shape and volume. The examined agglomerates are partly charged in new so-called alternative processes, and shaft furnaces, e.g. Tecnored and OxiCup process. These processes are currently being transferred from pilot to industrial plant scale. IEHK is partner in the ongoing research of those processes.
Introduction
In the last years European laws have become strict towards environmental pollution. 1) Therefore, industry is developing new processes to recycle potentially problematic residues (e.g. high Zn or Alkali contents) to the main production line in separate aggregates. Additionally, systems and structures are implemented for the monitoring of material flows in order to optimize internal recycling to the main production process. 2) A new application are self-reducing agglomerates, which consist of iron ore fines like hematite, magnetite, waste iron bearing steel works residues, and reduction agents like coke fines, petrol coke fines, charcoal, char, and fine coal of different volatile and ash levels with or without binder. The agglomerates usually have the shape of bricks, briquettes, or pellets. These are reduced by the internal gasification of cold bound solid reduction agent. This kind of agglomerates can be used in shaft furnaces or rotary hearth furnaces. Targets of this new application are on the one hand the recycling of steel plant residues and on the other hand iron production on ore basis with utilisation of low grade reduction agents as non coking coals and recycled plastics. The final product can be as well molten iron as sponge iron.
Recycling and utilization of iron bearing waste agglomerates results in several industrial benefits, mostly in the depletion of natural resource deposits, reduction of landfill, and indirect saving of energy.
At the Department of Ferrous Metallurgy the reduction behaviour of agglomerates with reduction gas and/or cold bound reduction agents has been studied in several projects.
Iron oxide agglomerates can be reduced with reduction gases by diffusion from outside to the centre or with embedded carbon by inner gasification. Possible phenomena are disintegration, swelling, sticking, shrinking, and collapsing. [3] [4] [5] 
Thermodynamical Aspects of Reduction
The reduction of iron oxides with H 2 /H 2 O-and CO/CO 2 -mixtures follows reactions (1) The balances of reactions (1) to (3) are shown according to the temperatures in the Baur-Glaessner diagrams for hydrogen and carbon monoxide reduction. 6) If those diagrams are combined, a diagram is developed for the thermodynamical efficiency of both reduction agents at different temperatures, Fig. 1 . Below 810°C the reduction ability of hydrogen is lower than of carbon monoxide; above 810°C it is higher. Therefore, above 810°C the reduction by hydrogen is more efficient, below the reduction by carbon monoxide.
The activities of H 2 and CO are coupled according to the water gas reduction, which can take place heterogeneously (reactions (5) and (6)) or homogeneously (reaction (7)). The heterogeneous water gas-reactions take place endothermically, while the DG°decreases with rising temperatures and the equilibrium slides to the right side. With this the DG°of reaction (5) decreases more than the DG°of reaction (6), which leads to an even higher CO-concentration in water steam. The homogeneous water gas reaction (7) takes place exothermically and slides to the side of H 2 below 810°C, above 810°C to the side of CO. The water gas reaction takes place in a notable speed only above 1 000°C.
The Boudouard-reaction has an equally important impact on the reduction of iron oxides, reaction (8) .
CO 2 ϩCϭ2CO with DHϭ159.9 kJ/mol.......... (8) Similar to the water gas and methanisation reaction, this reaction is dependant on the temperature, Fig. 2. 
7)
At low temperatures carbon monoxide is steady. Carbon dioxide tends to extreme exothermal carbon formation. At high temperatures carbon dioxide reacts with carbon to carbon monoxide. The equilibrium changes to the side of carbon monoxide. The methane formation decreases with rising temperatures.
Morphology of Reduction
Three typical iron precipitations are known in the industrial experience and research when reducing iron oxides:
-Layered-dense iron precipitation -Porous iron precipitation -Directed or needle shape -whisker like iron precipitation
The formation of a dense iron depletion leads to an interference of total reduction; directed formation to sticking and swelling, or collapse. 8, 9) Each of the three kinds of formations can be initiated solely by control of temperature and reduction potential on the oxide surfaces. For each kind a characteristic formation area exists, Fig. 3 .
Each of these areas is located in the cementite area or iron area of the Baur-Glaessner diagram. With the temperature the mobility of the ions in the metal oxide lattice is controlled, with the reduction potential the velocity of the oxygen decomposition on the wustite surface:
1. Layered-dense iron formation takes place at temperatures between 600 and 750°C with high reduction potentials. Herewith a lot of iron ions are formed, which cause a high nucleation density. At low diffusion velocities iron nuclei grow to a dense iron film around the oxide core, and the surface shows only few tiny pores. [8] [9] [10] 2. Porous iron segregation is caused by high temperatures above 850°C and high reduction potentials as well as a high reduction gas enthalpy in the g-iron area. High nucleation densities together with good diffusion conditions lead to a sponge-like surface with mostly big pores. 8) 3. Directed (whisker like) iron formation is mostly found at temperatures between 700 and 900°C with reduction gas compositions near to the iron-wustite-phase border. Low nuclei densities and good diffusion conditions lead to a growth in height of iron into the gas phase. 8) Magnetites show only the formation of layered-dense or directed structures, the latter preferably in the area of a- iron, while hematites reduce to all three kinds of morphologies.
Melting and Reduction Behaviour of Pellets with
Reduction Gas From blast furnace investigations done by Wenzel, Gudenau, and Sasabe, a phenomenon is introduced showing "hollow icicles" formation in the cohesive zone. 11, 12) By heating, firstly the outer surface of the pellets is reduced to iron by the reduction gas stream, which causes a dense iron shell with a high melting point of more than 1 500°C. The heat transfer within the pellets is low. Therefore, wustite is formed inside the pellets. At 1 150°C, the outer shell remains solid and the inside wustite is liquid. Because of the prior high porosity of the pellets the liquid fills only the lower part of the pellet. If those pellets contact each other, the contact points reduce worse and wustite is formed instead of iron. In this case it is possible that FeO drops from one pellet into the next, especially, if the pellets contain SiO 2 and low melting fayalites can be built, Fig. 4 . [11] [12] [13] [14] 
Smelting Reduction with Added Coal
The above described collapsive melting of BF pellets is transferable to the reduction of pellets with embedded carbon.
Heating those pellets, first the gaseous content evades. With sufficient temperature on the surface under reduced atmosphere reduction takes place. Temperature differences inside the pellet slow down the reduction. Both, wustite and slag, can be found liquid at temperatures the shell still is solid. Results from tests show that hematitic pellets with 6 and 12 % coal have a type of shell as well as a leaked liquid phase at 1 400°C. Pellets with 18 wt% anthracite showed this behaviour only at 1 500°C. Because of the higher content of carbon a more complete reduction of iron oxides and therefore a later melting was possible. These observations lead to the conclusion that the cavities in the pellets are caused by a decrease of ore grain surface by a kind of sintering procedure and the use of carbon.
After this theory the surface of the pellet is reduced by evaporating gaseous contents of coal and iron oxides. By further heating of the pellet the shell will change to iron, while the inner reduction forms Fe 3 C. A Fe-Fe 3 C mixture possesses a lower melting point than the iron shell and therefore, exceeding the melting point, the whole pellet will collapse forming a slag phase and an iron phase.
The precondition for the formation of Fe 3 C is a complete reduction and consecutive carbonisation. In Stoesser's tests 15) the formation of a solid shell was not possible. This could have happened due to high gas volumes inside the pellets because of high 18 wt% carbon in the pellets. Lukat 16) achieved a similar result by testing the reduction and melting behaviour of bricks made of filter dusts and carbon. He stated that with the beginning of the reduction the gases evolve and reduce the outer shell to metal with higher temperatures. Finally, the inner part consisting of slag phase and metal droplets melts and forms a metal nugget at the bottom of the crucible, Fig. 5. 
Reduction Mechanism of Agglomerates with Em-
bedded Carbon Wang performed research in the field of self-reducing pellets. 17, 18) Target was the examination of mass loss, volume change, and the reduction behaviour of hematitic and magnetitic pellets with anthracite, high volatile coal, plastics from household rubbish, as well as mixtures of anthracite and plastics. He found that the mass loss is caused by vaporization of volatile matter at low temperatures and by the Boudouard reaction at high temperatures. "Low temperatures" are between 700°C and 900°C for hematitic pellets and between 700°C and 1 000°C for magnetitic pellets. "High temperatures" are between 1 100°C and 1 400°C for hematitic pellets and 1 200°C and 1 400°C for magnetitic pellets. In all tests no catastrophic swelling caused by directed iron formation in the reduction of wustite to metallic iron appeared. Below 800°C the formation of needles or whiskers takes place and leads to swelling. In the performed tests the reduction time was only 20 min and below 1 000°C no metallic iron could be formed. Thermodynamically, the CO/(COϩCO 2 ) ratio above 800°C is already outside the area of maximum directed iron needles and above 900°C within the porous modification. Swelling was observed with the testing at low temperatures of hematitic pellets with plastics as well as plastics and high volatile coal. This is caused by the low reduction ability at low temperatures together with high vaporization of volatile matter. At higher temperatures the intense reduction leads to a strong decomposition of oxygen and a fast use of reduction agent. Therefore, the volume of the pellets decreases. At testing temperatures above 1 200°C, the shrinking rate of all pellets is lower than at 1 200°C. This phenomenon is caused by the building of a high temperature melting metallic shell. The higher the testing temperature is, the faster the formation of the shell, and because of that the less the volume reduction.
The chemical compositions of the different reducing agents used for the tests are shown in Table 1 . Below 1 200°C high volatile coal shows better reduction ability than anthracite, above vice versa. The reason is that the volatile matter initiates the reduction and promotes the Boudouard reaction. The higher the reduction temperature, the faster the volatile matter leaves the pellet and the shorter its partition time for reduction. Therefore, at high temperatures the carbon content is ruling for the reduction ability, Fig. 6 .
In Fig. 7 the mass change within 20 min of hematitic pellets reduced with different reducing agent mixtures at a total share of 18 % and binder is shown for different temperatures. The temperature range is divided in three zones. In the first zone the gasification of volatile materials takes place. In the second zone the volatile matter is used for reduction. The mass reduction is highest in this zone. In the third zone the weight loss through reduction of the iron oxides is predominant.
Kinetic and Morphological Assessment of Self-reducing Briquettes of Hematite Iron Ore
Agglomerates were prepared as pillow shape briquettes (45ϫ35ϫ25 mm) containing a mixture of hematite iron ore fines, coal fines, fluxes and a binder agent. In the sequence they were hardened at 140°C during 30 min to improve their mechanical characteristics. The temperatures used for the experiments were 1 000, 1 150, 1 200, 1 250, 1 300 and 1 350°C, and the experiment time was defined from 3 to 45 min. Also, to evaluate the thermal gradient between the briquette's core and the furnace temperature, a thermocouple was placed into the centre of the briquettes and the temperature has been registered on a minute basis. The analysis of all gained data showed, that the higher the temperature was, the higher the metallization degree.
In order to perform such a microstructural characterization of the reduced briquettes, a series of photomicrographies was made. Tests have been done to determine the carbon content level of the iron globules and the external iron layer. Figure 8 shows the cross sectional view of the reduced briquettes. The presence of small metallic globules at the center of the briquettes and a continuous shell at the periphery of the briquettes can be evidenced. 19) 
Realized Pyrometallurgical Recycling Processes
The research in the field of agglomerates has led to the development of new recycling processes and further accommodates the optimization.
There are two processes, which utilize self-reducing agglomerates and produce liquid iron, namely Tecnored and OxiCup shaft furnace. Both processes have been tested as pilot plants and are transformed into industrial production aggregates at present.
Tecnored
The Tecnored process uses a moving bed shaft furnace served by classical peripherals and featured by two innovations: the side feeders for solid fuels and the secondary combustion. The burden, composed of self-reducing agglomerates, is charged through a central chamber, then heated in counter-flow by the upstream gases and reduced Table 1 . Chemical compositions of reducing agents for pellet reduction tests. Figure 9 shows the principle of the Tecnored furnace.
OxiCup Shaft Furnace
The research done in the development of self-reducing bricks accompanied the invention of the now called "OxiCup Shaft Furnace", former "Hamborner Shaft Furnace", which has been developed by ThyssenKrupp Stahl AG and Huttenwerken Krupp Mannesmann GmbH together with Küttner GmbH, B.U.S. AG and Messer U.K. Ltd. This aggregate makes possible the internal recycling of dusts and sludges, which could be processed only unsatisfactorily up to that time: 21, 22) For industrial testing a pilot plant, Fig. 10 , was brought into production in 1999 in Duisburg, Germany, and in 2004 it is improved to an industrial plant.
The furnace is based on an optimized hot blast Cupola furnace. The iron bearing dusts and dewatered sludges are charged in the form of cold bound self reducing agglomerate bricks. The agglomerates are charged into the furnace together with scrap or iron bearing skulls, coke, and additives. In several campaigns bricks up to 70 % were fed into the shaft furnace.
The hot blast is supplied by six copper tuyeres at a temperature of 600°C. Additionally, up to 3 000 m 3 /h can be added through oxygen lances.
Metal and slag leave the furnace through a siphon tap. The Hamborner Shaft Furnace produces 15 t/h liquid metal and 5 t/h slag. This ratio depends on the mixture of charging materials.
Due to its improvements the OxiCup shaft furnace ranges between the Cupola furnace as pure smelting aggregate and the blast furnace as reduction aggregate. 23, 24) 
Conclusions and Outlook
Due to the wish for a total raw material use for the metal production and as well according to new environmental regulations formerly dumped wastes from the steel production are now examined and recycled to the production process. One possibility for the recycling is charging into new smelting aggregates, converters, electric arc furnaces, and the blast furnace as iron bearing self reducing agglomerates.
The application of iron bearing dust bricks in an industrial shaft furnace has been accomplished based on the lab trials at IEHK. It shows that the shaft furnace is a suitable aggregate for the recycling of residues from ironmaking and steelmaking in form of waste iron bearing agglomerates.
During the reduction of iron ore with reducing gas or reduction of self-reducing agglomerates-bricks and pellets-disintegration swelling, sticking, shrinking and smelting can take place under certain conditions. The reduction mechanism of pellets with reduction gas can be transferred to the self-reducing agglomerates.
The volume change behaviour depends on the embedded coal rate, the reduction temperature and reduction time. Coal can be substituted by carbon and volatiles containing materials and mixtures such as plastics. The recent work showed that self-reducing pellets tend to shrink during reduction process.
The research work at IEHK is frequently carried out in cooperation with industry and proved relevant in pilot scale and industrial processes.
Current activities at IEHK in this field of research are on kinetics and morphological assessment of waste iron bearing agglomerates embedded with carbon for high temperatures (700-1 500°C). The modelling of the procedures during the reduction is aimed here. 25) In addition to the research in agglomeration of iron bearing materials, the IEHK continues research of application and improvement of injection techniques for iron bearing dusts, which cannot or only difficultly be agglomerated. 
